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ABSTRACT 


The  problem  of  determlulng  the  luminescent  efflcienej  of  phosphors 
In  the  form  of  povfders  and  large  single  crystals  is  considered*  A method 
applicable  to  large  single  crystals  has  been  dereloped  and  applied  to 
crystals  of  aynthetio  CaVO^  and  CdWO^»  As  an  adjunct  to  the  efficiency 
measiirements  the  luminescent  spectra  of  these  materials  was  measiired  at 
liquid  N2«  dry  ice«  and  room  temperatures*  klao,  their  reflection  of 
2537  A ultraviolet  and  optical  transmission  from  2100  A to  8000  A is 
giTen  for  roosi  temperature.  The  room  ten^perature  qtiantum  efficiencies 
of  two  different  crystals  of  CaWO^  are  0*74  and  0*82,  in  agreement  with 
published  values  for  the  efficiency  of  powders*  Due  to  large  uncertaint- 
ies in  the  indices  of  refraction,  the  efficiencicts  obtained  for  two  crys- 
tals of  CdV04,  1*0  and  1*2,  values  that  are  probably  too  large,  must  be 
considered  unreliable. 
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THE  LUMINESCENCE  OF  LARGE  SINGLE  CRISTAI£ 

OF  CaWO^  AND  CdVO^ 

!•  IN1RODUCTION 

Ib«  eleetronlo  propartlea  of  Inaulatcrs  haTo  reoeivad  conalderabla 
attaatlon  in  tha  laat  decade*  Stxidiea  of  aeni-conduetare,  photoeonduo- 
tara>  and  Itnclneacent  materlala  have  yielded  detailed  inforaation  about« 
for  exan^lef  the  energy  difference  between  the  filled  and  conduction 
band,  the  number  and  energy  levela  of  trapping  center a,  the  interplay 
between  trapping  center  a and  lunlneacent  center  a,  aome  detaila  about  the 
lualneacent  eentera,  etc*  Practically  all  of  the  experimental  informa- 
tion on  luminescence  waa  obtained  with  cryatalline  powder  a*  The  amall 
amount  of  information  obtained  from  aingle  eryatala  can  be  attributed  to 
the  fact  that  large  aingle  eryatala  were  practically  unobtainable,  except 
for  thoae  occuring  naturally,  and  these  were  of  doubtful  purity.  One  of 
the  BOi-e  important  properties  of  phosphors  is  their  efficiency,  which 
rou^ly  is  the  ratio  of  the  energy  they  absorb  to  the  energy  they  emit  as 
luminescence*  Very  few  reliable  efficiency  measurements  exist  even  for 
powders,  and  these  have  Inhsrent  properties,  of  which  the  most  important 
is  their  permanent  entrappaent  of  part  of  the  Icmlneseent  light  they  emit, 
that  limit  the  accuracy  of  the  efficiency  measurements*  However,  some  of 
these  difficulties  do  not  arise  with  large  single  crystals  primarily 
because  they  can  be  obtained  as  regular  parallelepipeds  for  which  one  may 
calculate  the  fTa'stion  of  light,  produced  in  the  interior  of  these  crys- 
tals, that  escapes  ffom  them*  VIhen  large  synthetic  hl^  purity  crystals 


of  calcium  and  cadmim  tungstate^  vfaich  are  both  luminescent,  became  avail<- 
able  the  efficiency  measinrements,  to  be  described  here,  were  undertaken. 

The  method  dereloped  for  this  purpose  requires  among  other  things  a meas- 
wement  of  the  spectral  distribution  of  the  luminescence,  and  the  abscrp- 
tion  and  reflection  of  ll^t  of  various  uavelengths  by  the  Ixnsinescent 
crystals.  In  addition  to  measuring  these  properties  for  all  of  the  crys- 
tals used,  'tile  spectral  distributions  were  measured  at  78^  K emd  195^  K 
as  veil  as  the  ratios  of  the  efficiencies  at  these  temperatures  to  the 
efficiencies  at  room  temperat\n:e« 

II.  THE  LUMINESCENCE  OF  INCRGANIC  NON-PHCTOCONDUCTING  PHOSPHCRS 

First  let  us  outline  the  jiiysical  eb«T*acteristlcs  of  luminescent 
crystals.  Once  we  have  done  this  ve  can  introduce  the  concept  of  the 
luminescent  center,  an  enti*^  that  will  permit  us  to  tinder s’tand  quali- 
tatively a majority  of  the  observed  experimental  facts. 

A.  Basic  Characteristics  of  Non-photoconducting  Fhosthors 

Ihe  experimen'tal  facts  and  current  theories  on  the  luminescence  of 
inorganic  solids  are  summarized  in  books  by  Garlick(l)  and  Leverenz(2) 
that  have  recently  appeared.  In  addition,  there  is  the  report  "Cornell 
Symposium  on  Luminescent  Materials"  edited  by  Fonda  and  Seitz  (3),  and 
books  by  KrBger(4)  and  Pringsbelm(5).  The  latter  two  publications  can 
be  regarded  as  compendlums  of  experimental  data,  vhlle  the  first  three 
are  devoted  more  to  the  current  theories  and  mechanisms  involved  in  the 
luminescent  process. 

There  is  no  generally  accepted  terminology  in  -this  field  end  we  will 
give  'the  definitions  'that  we  will  use  of  the  most  common  terms.  In  its 


slnplest  form  luminescence  la  the  absorption  of  light  by  a substance  and 
its  subsequent  reemlssion  as  ll^t  of  lesser  energy.  In  general,  however, 
luminescence  Includes  all  those  processes  lAereby  energy  is  Imxarted  to 
a substance  with  the  ultimate  release  of  some  or  all  of  this  energy  as 
li^t.  Consider  the  following  idealized  experiment.  Let  a square  wave 
of  ultraviolet  light  fall  on  a typical  luminescent  material.  At  the  on- 
set of  the  ultraviolet  the  material  vrlll  almost  Instantaneously  lumi- 
nesce, in  addition  a second  component  will  grew  in  until  the  emitted 
light  reaches  a steady  level.  Uhen  the  exciting  ultraviolet  is  shut  off 
the  emitted  light  will  diarply  drop  off  with  a time  constant  on  the  order 
of  10“®  to  10“^  seconds.  This  initial  diminution  will  then  be  followed 
hy  a decaying  component  viiich  may  have  a time  constant  ranging  ffom  a 
few  milliseconds  to  several  daysl  The  fast  rising  and  decaying  component 
is  usually  called  fluorescence  and  slower  changing  components  core  called 
phosphorescencs.  If  only  one  component  is  present  in  a given  material  it 
can  be  called  either  fluorescence  or  {hosphorescence  if  its  time  constant 
is  on  the  order  of  0.1  second  or  less.  There  is  no  generally  accepted 
way  to  differentiate  between  the  two  and  we  shall  refer  to  both  processes 
collectively  as  luminescence.  It  has  been  shown  that  single  crystal 
CaWO^  is  non-photoconducting  and  we  will  assume  that  in  both  CaWO^  and 
CdUO^  only  one  process  is  opera ting(6).  Also,  we  will  occasionally  use 
the  word  phosphor  for  axuy  luminescent  material  and  >^en  so  doing  we  do  not 
Intend  to  imply  anything  about  its  phosphorescent  characteristics. 

With  surprisingly  few  ambiguities  all  phosphors  can  be  divided  into 
photoconducting  and  non-photoconduoting  materials,  i.e.,  if  crystals  of 
these  materials  are  fitted  with  electrodes  to  ^ich  a potential  is  applied 


some  vlll  permit  a current  to  flow  ^en  they  are  illuminated  with  ultra- 
violet lipht  >i!ils  others  will  not  permit  a eio^ent  to  flow  no  matter 
how  intense  the  incident  light  is*  Since  the  crystals  \Aiich  were  used  in 
this  investigation  are  of  the  non-photoconducting  variety  we  will  consider 
in  detail  the  process  involved  in  the  luminescence  of  non-photoconducting 
materials  and  make  only  occasional  reference  to  materials  and  mechanisms 
involving  photoconductivity. 

Practically  all  phosphors  are  hi^ly  crystalline  and  contain  amounts 
of  soma  impurity,  called  the  activator,  ranging  from  10  to  10~^  atomic 
p>ercent.  In  a feu  cases  it  is  unambiguously  known  that  the  impurity  is 
substitutional  or  tha.t  it  is  interstitial*  Ubile  it  is  believed  that  in 
the  majority  of  cases  the  Impurity  is  substitutional  this  has  not  been 
definitely  established.  If  one  determines  the  absorption  of  the  crystal 
without  activation— the  host  crystal— and  then  the  host  to  which  an  acti- 
vator has  been  added,  one  can  usually  find  an  absorption  band  attributable 
to  the  activator  alone.  If  one  illuminates  the  activated  crystal  in  this 
band  one  finds  the  luminescent  emission  is  a broad  band,  e.g..  Fig.  1, 
that  lies  entirely  at  the  longer  wavelength  side  of  the  absorption  band. 
Now  if  one  fellows  the  decay  of  th«d  emission  after  extingulshirig  the 
exciting  radiation  one  finds  that  in  most  cases  it  decays  exponentially. 
The  rate  of  decay  is  often  expressed  in  terns  of  a decay  time,  v^lch  is 
the  time  req\ilred  for  the  emission  to  fall  to  l/e  of  its  original  value. 
Usually  if  a phosphor  is  found  to  decay  like  t"*^  \diere  l<n<3  it  will 
also  be  found  to  be  photoconducting  (la),  which  we  reiterate,  is  a type 
that  will  not  be  considered  here. 


In  g'snr.v-ol  the  emission  spectrum  vdll  have  the  slightly  asyttinetricai 
Inverted  bell-shaped  curve  shovn  in  Fig.  !•  With  one  exception  the  shape 
of  the  spectral  distributions  have  not  been  derive<l  from  first  principles. 
Later  ve  vill  shov  vhy  the  sliape  of  the  emission  spectra  must  be  precise- 
ly knov/n  if  an  accurate  determination  of  the  luminescent  efficiency  is  to 
be  made* 

The  term,  the  luminescent  efficiency,  must  be  considered  in  detail 
before  ve  proceeed.  If  one  Imparts  a given  quantity  of  energy  to  a crys- 
tal phos0ior  system  then  all  or  part  of  this  energy  will  ultimately  be 
reemitted  as  luminescent  light*  Ve  define  the  luminescent  efficiency, 
or  as  ve  actmlly  prefer  to  call  it  "the  energy  conversion," 

)\  ■ energy  emerging  from  phosphor  as  liardnescent  light 
total  energy  Imparted  to  phosphor 

For  most  eases,  actmlly  the  only  cns  ve  vill  use,  the  energy  imparted 
to  the  crystal  vill  be  the  amount  of  ultraviolet  light  it  absorbs*  Often 
"quantum  efficiency"  is  the  name  given  to  this  quantity,  but  this  is 
Incorrect,  the  proper  definition  of  the  Tl  q the  quantum  efficiency  being 

\*  , number  of  quanta  emitted  by  the  phosphor  as  luminescence 

''*1  number  of  exciting  qxianta  absorbed  by  the  phosphor 

It  is  important  to  note  that  these  quantities  refer  to  hypothetical 
measurements  made  in  the  interior  of  the  crystal  and  iihen  dealing  vdth 
light  ekterlor  to  the  ozystal  certain  corrections  must  be  made*  The  most 
important  of  these  results  from  reflections  at  crystal  siirfaces  leading 
to  permanent  trapping  of  part  of  the  luminescent  light*  If  one  knows  the 
energy  distribution  of  the  exciting  ultraviolet  and  of  the  emission  spec- 
trum one  can  compute  the  quantum  efficiency  from  the  eneit’gy  conversion  and 
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vice  versa. 

For  the  typical  non-photocouductlng  phosphor  It  is  usually  foxmd 
that  the  efficiex:cy  is  stroogly  tss^rature  dapaouent  us  is  shown  in 
Fig.  1,  but  the  deoay  time,  and  the  shape  of  the  emission  spectra  are 
independent  of  toaperature  in  the  range  of  80°  K to  300°  K.  Also,  one 
can  vary  the  wavelength  of  the  exciting  ultraviolet.  In  this  wuy  one 
determines  that  the  exciting  photons  must  possess  a minimum  critical 
energy  before  any  emission  is  observed.  It  is  customarily  found  that 
the  efficiency  varies  strongly  with  the  energy  of  the  excitation  but 
that  the  emission  spectra,  if  it  is  observed  at  all,  does  not  depend  on 
the  energy  of  the  excitation. 

B.  The  LvaaJ.nescent  Center 

In  the  previous  section  we  have  outlined  the  principle  character- 
istics of  luminescent  materials.  The  first  successful  attempts  to  assim- 
ilate this  Information  into  a coherent  picture  was  made  by  Seitz (7)  and 
Von  Hippel(8).  The  plctxn:e  they  formulated  is  best  applied  to  an  imp- 
verity  actl-^ted  phosphor.  Consider  a substitutional  impurity  in  its 
host  lattice.  This  foreign  atom  and  the  atoms  surrounding  it  may  be 
regarded  as  a kind  of  molecule  vblcb  is  called  a luminescent  center.  The 
center  must  possess  an  electric  ground  state  (level)  and  at  least  one 
excited  state.  Tc  one,  or  perhaps  more,  of  the  electrons  in  this  center 
one  may  ascribe  a potential  energy  diagram,  like  that  of  Fig>  2,  where 
energy  is  plotted  vertically  and  the  abscissa  is  called  the  configuration 
coordinate  for  want  of  a more  precise  name.  If  this  diagram  were  applied 
to  a molecule  the  configuration  coordinate  would  be  the  nucleetr  separa- 
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tion.  Actually,  in  th«  luminescent  center,  this  coordinate  is  an  avisr.i£;c 
over  3N  deviations  from  a mean  position,  ^<^ere  N is  the  nvuaber  of  nuclei 
and  electrons  that  must  be  considered  part  of  the  center-  Just  recently 
VilllansC?)  has  calculated  curves  like  these  for  the  case  of  thallium 
activated  KCl  and  obtained  fairly  good  agreement  with  experimental  absor- 
ption and  emission  spectra  thus  lending  credence  to  the  postulates  of 
Von  Hippel  and  Seits. 

It  must  be  emphasized  that  idxile  this  diagram  refers  to  electronic 
states  the  vibrational  states  of  both  the  solid  as  a vhole  and  the  lumi- 
nescent center  separately  must  be  superimposed  on  the  electronic  pert. 
This  vibrational  pai't  is  suggested  by  the  light  horizontal  lines  drawn 
In  each  curve.  Actually  there  are  many  more  vibration  levels  than  indi- 
cated. An  important  characteristic  of  these  centers  is  that  an  electron 
in  at^  of  the  higher  vibrational  levels  will  degrade  to  the  bottom  of 
each  electronic  level*  Moreover,  an  electron  at  the  bottom  of  each 
level  will  undergo  tliermal  fluctuation  to  some  of  the  higher  levels. 

This  property  must  be  exploited  to  explain  the  temperature  dependence  of 
ttie  quantum  efficiency.  Consider  now  the  absorption  of  li^t  by  a 
phosphor  ^ich  contains  luminescent  centers*  The  center  will  usually 
be  in  the  ground  state,  such  as  the  point  A in  Fig.  2,  especially  If  the 
energy  W is  large  compared  to  kT*  In  order  that  the  optically  active 
electron  of  the  center  be  raised  to  the  upper  level  it  must  absorb  a 
qoiantum  having  energy  W or  greater.  This  explains  why  only  sufficiently 
energetic  light  excites  liuninescence. 


Once  the  center  is  raised  to  the  upper  level,  such  a?  the  point  D, 
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it  vill  undergo  thental  degrading  to  the  point  B.  There  are  two  altern- 
atives  as  to  hov  the  electron  Eay  return  to  vhs  ground  state  froin  this 
point*  Suppose  that  £ is  much  larger  than  kT  so  that  there  is  only  si&all 
probability  that  the  ei  ^ctron  may  reach  the  point  C by  the  normal  thermal 
fluctuation  process.  It  will  then  remain  in  the  excited  state  until  it 
makes  an  optical  transition  to  the  ground  state  with  the  emission  of  a 
photon.  Thus  the  optical  transition  controls  the  decay  time  of  the  phos- 
phor. We  know  of  no  successful  attempts  to  calculate  the  transition 
prohablllty  from  first  principles. 

iVcan  the  details  of  the  emission  process  the  qualitative  features 
of  the  broad  emission  spectra  can  be  described.  The  electron  in  the 
upper  state  will  not  be  precisely  at  the  bottom  of  the  curve  since  it 
will  have  some  zero  point  energy  and,  in  addition,  vill  possess  some 
thermal  vibration  energy.  Thus,  in  terms  of  the  potential  energy  diagram 
It  is  in  a state  indicated  by  one  of  the  fine  lines  above  the  point  B. 

Nov  it  can  make  an  optical  transition  tram  any  point  on  this  line,  l.e. , 
it  can  make  an  optical  transition  independently  of  its  degi’ee  of  thermal 
motion,  to  any  point  on  the  curve  describing  the  lover  state.  Obviously, 
there  is  a large  number  of  such  transitions  ^ich  \dien  properly  velghted 
can  account  for  the  broad  spectral  distribution  of  the  emission  spectra. 
An  exact  inverse  of  this  mechanism,  the  raising  of  an  electron  from  the 
lover  to  the  upper  state,  accounts  for  the  observed  absorption.  The  res- 
ults of  Williams  match  the  observed  spectral  distribution  veil  enough  so 
that  there  is  no  doubt  that  ve  have  correctly  described  the  first  order 
features  of  these  processes. 


-Md 


¥on  Hippel  and  Selts  postulated  tbat  ^e  tvo  curves  r^preaenting  tlie 


excited  sCate  aad  the  groutid  state  anist  cross.  In  Fig.  2 this  point  Is 
labeled  C.  This  ■akas  it  possible  to  explain  the  deoeodence  of  the  IueI- 
sescent  efficient  on  ihe  temperature.  Assuee  that  'ttie  center  Is  in  ths 
state  B.  There  are  tvo  processes  vhsretj  it  <maj  retom  to  the  ground 
state  of  Whidi  the  first  is  the  optical  transition  ve  have  just  discussed. 
The  second  process,  liiich  coape  tea  with  the  optical  transition,  occurs 
vhen  the  center  is  thareally  excited  (subjected  to  » tharael  fluctuation) 
suffleioat  to  raisa  it  to  C.  The  eieetron  waj  then  pass  to  Uie  lover 
curve,  perhape  with  tbs  adsaioo  of  an  infira-red  quanta^  and  be  degraded 
to  A 'Qie  lattice  abaarblng  the  |f>csoRs  saitted  in  this  process. 

Let  b be  the  probability  that  the  center  undaargoes  an  optical  trans- 
ition firoa  B.  The  probability  that  the  canter,  in  the  excited  state, 
reaches  the  point  C is 


vbsre  k sod  T have  the  usual  aefi«ing  and  S is  the  energy  sepe^ting  B 
and  C.  Pq  is  soraetless  called  the  ’^ttsf^nt  to  escape*  firequeney  and 
rangee  froa  10^  to  10^^  for  different  aaterlals.  The  quantUK  effldeney 
Vlq  is  then 


q 


prohshtlltr  of  an  transition 

total  oohber  of  events 


1 + 


(1) 


liiere  p ■ P^/b 
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This  «:qx‘e3sion  is  curve  1 in  Fig*  1(b)*  It  has  been  found  that  for 
povdered  CaVfO^j  es^ted  2400  1 nltravlolet,  the  depeodenca  ^ 

on  T is  given  exactly  by  this  forKula*  Howsver«  if  2537  A ezcltati<» 
is  used  the  agreenent  is  not  good(4a)*  it  very  lov  teo^^atures,  the 
eaperlasntal  points  fall  below  the  theoretical  curve  as  is  ahoin  In 
curve  2 of  Fig*  1(b)*  This  is  another  point  for  ihi^  there  is  no 
generally  accepted  explanation* 

It  is  to  be  noted  that  oos  aay  fit  eq^tlon  (1)  to  the  expol- 
nsntel  data  giving  tiie  variation  of  7\  with  T hf  adjusting  p end  W 
without  knowing  the  absolute  value  of  7l  Oos  ot  the  prissrj  coocsrss 
of  this  Investigatioii  is  the  deterKlsstioa  of  an  absolute  quanttaa  effl-’ 
daoey  f|^  for  large  srystcde  of  CaV0|^  and  CdW^* 

Before  proceeding  to  the  details  of  such  a deterainatlon  we  east 
deer  vp  coe  point  about  the  CaWO^  and  CdVO^  crystals  we  will  use*  Uben 
this  work  «ne  started  these  naterlals  were  the  only  crystela  that  ccnld 
be  obtained  sufficiently  large  to  eake  the  method  to  be  used  applicable* 
Ihe  precise  aschanisB  for  their  luelseseecce  is  not  known*  There  are  two 
possibilities  that  asrit  cooslderatiotn*  These  crystals  could  be  self- 
activated  (2e),  that  is>  they  could  eootaln  stoichlonetrlc  excesses  of 
one  of  their  constituents,  most  probably  tungsten*  The  self -e ctlvatcr 
could  be  either  interstitial  or  substltutionitl*  The  other  eypleag** --t=!{4in) , 
(lb)  arises  trxm  the  fact  that  in  both  of  these  crystals,  as  well  as 
other  tnqgstates  that  are  Imioascent,  the  toi^state  groo^  ere  closely 
coordinated,  the  tungsten  atess  being  tetrahedraliy  surrounded  fay  the  four 
cocygKi  atooa(lO)*  There  Is  no  kijown  reason  ul^  a VO^  coordinate  group 
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cazmot  hava  the  propefrties  of  & Ivnineocenii  cootar  and  th«  <4>MrTed  luai— 
sescasca  ba  as  Isharast  property  of  tha  material.  Coa  fact  that  wrpporta 
tUs  siqjipoaitlon  la  that  a great  Baagf  tongatataa  that  tre  liari  nascent 
have  dlff«‘ant  crjatal  atructaraa,  hut  in  arary  cas«  the  liO^  is  praseot 
as  a coordiaata  group-  In  addition,  the  limlnsscgnt  spectra  of  these 
■atariala  are  all  sinllar-. 

ZH«  EFFICIEIICI  (E&SQR99EBTS  WIIH  POIf^  AXD  SIJCI£  CSTSI*L  FBOSFSCBS 

The  ihraaes  Iwlnaacent  affieleney*  cr  energy  eoevaraion*  and  <|tian> 
t(K  efficleitcy  hare  been  carefully  defined*  The  proceaa  of  Masoring 
these  queuitlties  nuat  also  ba  carefully  eonaidflared*  This  baa  bean  done 
in  a general  vay  ly  LererassCZb)  but  for  this  Imrastigation  vs  suat 
exnnine  cartain  details*  AUov  a phosphor,  either  a single  crystal  cr 
cryatalllna  powder  to  be  ezdted  by  BonochroBatie  ultraTiolat  li^t*  At 
tha  sorfacs  of  the  ■aterlal  a fraction  of  the  incident  li^t  will  be 
reflected  end  the  reaninewr  will  rater  the  crystal  acoording  to  the 
principles  of  classical  optics,  e*g*,  sea  JanUns  and  UilteCll}*  The 
entering  light  will  be  absorbed  by  ~^e  liasineserat  centers,  by  the  boat 
crystal,  by  laaiwrltiee,  or  by  aone  coahlnation  cf  then*  Since  the  crystal 
la  loBrinescent  sene  of  the  energy  abserbed  will  be  reealtted  by  the  Imi- 
nascent  cetrters-  This  eniasion,  ihich  will  bara  a broad  spectral  dia- 
tribctlim,  can  be  entirely  or  partially  ebaorbed  by  the  boat  lattice,  end 
that  part  ihicfa  la  not  absorbed  will  be  reflected  and  refracted  by  the 
crystal  aorfaca  before  can  eaerge  from  the  crystal*  The  anoemt  of 
esd.tted  U^t  that  eserges,  will  daprad  ra  the  Index  of  refraction 
the  gecoetric  shapw  of  the  crystal*  '!le  will  consider  the  case  of  cryst- 


allioe  pouders  aiad>  Id  Bare  detail,  the  case  of  a large  sirigle  cryataL. 

To  relate  the  qoantuzi  efficlexx^  to  the  liaalnesceot  efilcieaoy,  or 
maecrgj  coBvarsifla,  raqfidres  a knoided^  of  the  apectral  distribution  of 
the  ealtted  speHbrm  partleularlj’  if  the  detector,  e«g.,  a ihoto  cell, 
is' not  eonpletely  bilaek*  And,  idnce  the  spectrun  nnst  be  naasured  ester 
nal  to  the  crystal  ve  nost  be  able  to  calculate  the  spectrim  we  would 
cihscrra  if  vm  could  ■easure  it  internally*  Unless  the  crystal  absorbs 
a large  fbaction  ot  the  Indneaeance  iatemally  the  oibaeanFed  apectrm 
vLU  difTer  only  ali^tly  iron  that  anltted  the  ceotare* 


The  surface  presented  to  exciting  ultrsTiolet  by  a powder  consist- 
ing of  Ixonserable  nicroecople  crystals  vill  tmdcnbtly  eeatter  part  of 
this  ligiit  according  to  the  hma  of  diffuse  reflection,  the  renainlng 
llgiit  beicg  absorbed  by  the  cryetala*  In  principle  aom  can  detexnlne 
the  energy  absorbed  by  the  crystal  by  neaaarlng  the  Incident  energy  and 
all  of  the  diffusely  eeattered  li^ts  ficmaver,  the  3ae&«areaest  of  the 
Ixasinesoeace  energii:^  frees  the  powder  as  r.  i£;ole,  and  ihat  is  ipcre  itspor- 
tant,  the  detencinatien  of  the  light  anltted  by  the  Icsinescant  centers 
thansalsa^  ia  extreaely  difficult.  The  raasos  for  thia  Is  -&e  pamanent 
ezstr&ppne&t  of  pert  of  the  li^t  produced  in  the  crystal.  This  say  be 
understood  in  the  foUovl^g  nay.  Any  light  ray  that  strikes  tbe  surface 
cf  a nadiun,  of  Index  of  rafractioc  n,  will  ba  ecs^etelj  reflected  if  its 
ShSle  of  Inddeoee  is  greater  than  the  ezitieal  angle  ihich  is  given  by 
* are  sin  l/n*  To  illustrate,  soppoae  that  the  crystal  is  perfectly 
epherical,  then  free  sliyXe  gecoetry  all  raflactiona  that  an  arbitrsry 
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U^t  T&j  is  tb«  Interior  oi  tbe  crystal  will  nake  at  the  stirfae*  ars  at 
tiie  saBe  angle.  Thus  if  tbis  angle  ia  greater  th€ui  9^  tbe  ray  uUl  be 
perBanenUy  entrapped,  until  absorbed  ty  the  aedlw  or  escaping  after 
beiqg  scattered,  or  suffering  a reflection  on  an  iaperfectioD,  that  changes 
its  angle  of  laeidaiice.  GiU«tte(l3)  ban  calculated  that  TOmQ%  of  the 
iTsinescenee  foaroed  is  an  optically  perfect  sphere  of  CdliQ^  Is  so  tz‘a{9»6d 
and  that  73*0^  la  trapped  in  an  <^3tically  perfect  recta cgular  priss. 
B'Voi'Talent  'reluaa  for  Ca¥0^  ar#  5^t2%  for  a sphere  62.6J^  for  tbs  priss* 

If  cae  bad  a phosjhor  of  psrfect  spheres,  rectawles,  or  other  cal- 
culable Stapes,  in  principle  the  asount  of  li^t  maasured  outoid*  of  such 
a isaterial  could  be  related  to  that  anitted  internally  by  the  Iwtinescesxt 
process*  Ihe  fact  that  the  perfect  particles  vould  be  randoaly  oriented 
could  probably  be  treated  In  a Bannar  alnilar  to  that  described  by 
Loaglni(LC)  fcr  aheets  of  particles*  Also,  the  ftractlcn  of  light  escap- 
ing trcm  randoaly  ^iaped  crystals  has  been  calculated*  To  accurately 
relate  the  li^t  escaping  frcm  actual  pcud«red  crystals  to  -ttiat  foraed 
in  their  intericr  seens  to  be  extresely  difficult,  if  not  inpossible,  for 
the  following  reeaon*  Powders  of  a crystal  are  neither  perfect  geossstric 
shapes  nor  cc^letely  raadoBly  shaped*  They  are  very  Imperfect  nlcro- 
scopic  loages  of  their  laacroscopic  habit,  e.g*,  powdered  rock  salt,  HaCl, 
consists  of  saiall  nearly  cube-like  bodies  with  aaaller  'various  sixe  cubes 
*knoded*  off  of  their  comers*  To  ealenlate  tbe  asomtt  cf  Ugh*  escap- 
ing Ikoa  suck  quasi  regularly^  cr  perhaps  q^iasi  rsndo»ly,  shaped  crystals 
sseus  fomidabls  Indeed* 

Obviously,  fcr  an  accurate  efficiency  measureissnt  with  powders  this 
problm  Bust  be  solved*  an  eaperinental  approach  has  been  taken  by 
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Bctden  and  Krttger(l5)  try  to  corract  for  these  difficulties  by  cali- 
brating their  apparatus  in  such  a way  that  the  entrappment  of  light  is 
coBtpensat^  for*  They  estimate  that  efficiency  measurements  made  in  this 
way  are  accurate  to 

B»  Efficiency  Meaaxirements  with  Slabs  of  Luminescent  Materials 

In  contrast  vdth  efflciencsy  ineas'jrfflnente  on  crystalllna  powders 
discussed  above  we  now  consider  the  problem  of  making  an  efficiency  meas- 
urement on  a large  single  crystal.  Moat  often  ve  can  obtain  such  mater- 
ials as  rectangular  parallelepipeds « tdilch  for  computational  purposes 
may  be  regarded  as  slabs. 

The  amoiint  of  energy  Imparted  to  a slab  may  be  easily  determined 
partlciilarly  if  its  surface  has  good  optical  qualities,  l.e. , is  reason- 
ably flat  and  free  from  scratches.  From  such  a surface  one  may  measure 
the  reflection  with  high  precision  and  assttme  that  for  any  beam  incident 
on  the  crystal  the  energy  not  reflected  is  totally  absorbed.  Note  that 
one  may  conveniently  measure  the  reflections  fTom  a material  even  thou^ 
it  is  completely  opaqtie  to  the  light  being  used. 

The  light  incident  on  a crystal  that  is  not  reflected  is,  of  course, 
refracted  at  the  surface.  Should  the  material  be  highly  absorbent,  all 
of  the  absorption  will  take  place  in  the  layers  just  adjacent  to  the  sur- 
face. Thus,  if  a ray  of  ultraviolet  excited  luminescence  in  such  a crys- 
tal one  can  assume,  to  a high  degree  of  precision,  that  the  excited  cen- 
ters are  located  just  below  the  surface  at  the  point  the  rey  entered  it. 
This  may  seem  to  be  a trivial  point  but  CaW04  and  CdWO^  so  strongly  absorb 
2537  A light  that  it  is  probably  impossible  to  determine  the  index  of  re- 
fraction at  this  wavelength  and  thus  in  principle  one  camot  determine 


the  palh  of  the  reflracted  beeon  given  the  locus  of  the  Incident  beam. 

This  point  vill  beooBd  clearer  tdien  ve  consider  the  emission  for  CaVQ4 
and  CdWO^  in  detail. 

If  the  exciting  light  is  weakly  absorbed  by  the  crystal  it  will 
cause  luminescence  to  be  emitted  along  the  path  of  the  reft'acted  ray. 

Fes:  su^  & matearlal  it  would  be  necessary  to  know  both  the  index  of  re- 
Araotlon  and  absorption  coefficient  of  the  exciting  u-Ltraviolet  in  order 
that  the  distribution  of  excited  center  s>  along  the  path  of  the  exciting 
light,  oan  be  calculated. 

Ve  have  just  given  the  details  of  the  process  whereby  energy  is  im~> 
l^irted  to  the  luminescent  centers  in  a slab  of  material.  We  now  want  to 
calculate  the  Intensity  of  luminescent  light,  outside  of  the  slab,  emlt= 
ted  by  these  centers  in  the  interior.  For  this  purpose  assume  that  light 
is  emitted  laolroplcally  iYom  a point  in  the  slab.  Here,  perhaps,  a dig- 
ression is  necessary  since  no  experimental  evidence  exists  showing  tJiat 
isotropic  emission  is  the  actual  case.  Such  evidence  would  be  difficult 
to  obtain  with  poiders  since  they  would  be  randomly  oriented  if  a large 
number  were  Involved.  However,  if  luminescence  le  not  emitted  isotropi- 
cally this  could  conoeively  be  demonstrated  with  large  crystals. 

Let  the  arbitrary  point,  from  vhlch  the  light  is  emitted,  be  the 
point  labeled  s in  Fig.  3*  Ll^t  striking  the  surface  at  an  angle  0 less 
than  the  critical  angle  9^  will  be  reflected  or  refracted  as  we  have  al- 
ready considered.  Let  us  inquire  about  the  fate  of  the  light  outside 
of  the  cone  of  transmission  Where  there  is  total  reflection.  By  multiple 
reflections  it  will  go  to  the  ends  of  the  slab  '4iere  It  will  either  paes 
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out  of  the  slab  or  by  malfipg  several  reflections  proceed  towards  the 


opposite  eiiu*  Cu6  can  suov  that  for  an  optically  perf 
parallelepiped f which  la  perfectly  transparent,  and  for  which  n< 
all  of  the  totally  reflected  light  will  ultimately  pass  out  of  the 
crystal  throu^  the  ends  of  the  slab*  Since  all  of  the  crystals  of 
Interest  to  us  have  n > we  will  not  pursue  this  theorem  further* 

For  C^V04  and  CdWO^  the  permanently  entrapped  light  must  most  with  one  of 
two  fates,  either  it  will  be  abaorbcd  In  the  crystal  In  which  case  we  do 
not  haye  to  consider  It  further,  or  it  will  meet  with  an  optical  Imper- 
fection, e.g*,  a scratch  on  the  surface,  '(hich  will  allow  it  to  escape 
from  the  crystal*  In  the  latter  case  it  may  be  detected  along  with  the 
light  which  we  wish  to  measiure,  necessitating  that  ve  make  a correction 
for  this  additional  scattered  light* 

The  light  that  etrlkes  the  surface  with  6 < 6o  will  pass  out  of  the 
oryatal  or  be  reflected*  However,  if  it  is  reflected  from  the  front  face 
it  soay  paes  out  of  the  back  surface*  Again,  at  the  back  surface  it  can 
bo  reflected,  possibly  passing  out  of  the  front  and  so  on*  To  begin  with, 
consider  only  ll^t  that  passes  out  of  the  ftront  surface  the  first  time 
it  strikes  it*  Any  ray  will  be  refracted  at  the  surface  according  to 
Snell  * s la  Vf 

n sin  8 B sin  / (2) 

where  n ■ 1 outelde  of  the  elab*  All  euoh  incident  and  refracted  raye 
will  dsfir.s  planee  which  will  aleo  pass  throu^  the  line  SS'*  VAien  obs- 
erved from  cutaids  of  the  crystal,  rays  that  originate  at  S will  appear 
to  come  not  ITom  S but  from  a virtual  source (l6)*  It  is  most  convenient 
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tot  calculation  to  fold  together  along  the  axis  SS'  all  of  the  planes 
containing  incident  and  refracted  rays  thus  making  a two  dimensional  case 
out  of  the  problem  of  determining  the  position  of  the  tlrtual  sources. 

Let  d be  the  distance  of  the  point  S frost  the  front  of  the  slab  then  if 
a and  f are  the  cooETdinataa  of  the  vlrtiial  s'^urce,  a/d  and  p/d  ere  diaen- 
siooless  qtzantitles  gives  bg' 

— a/d  * “ (n^  - 1)  tan?  6 + 1 ^ ^ (3) 

p/d  « (n?  - 1)  tan^  9 (4) 

For  iUustratioD,  the  coordinates  of  the  vlrtaal  source,  conres- 
ponding  to  the  different  values  of  9,  are  plotted  In  Fig.  4 for  CaUO^ 
for  red  and  blue  li^t. 

Baturslng  to  the  actual  three  dlwaialanal  case  ve  see  that  all  of 
the  Ug^t  from  S that  is  directed  toward  the  front  face  of  the  slab 
between  ti:e  angles  9 and  9 -t  d9  can  be  regarded  as  ctrlgioatii^  aloi^  the 
circle  vhicfa  is  the  locus  fonsed  by  rotating  the  virttial  source  around 
the  line  SS*.  If  I is  the  total  iTadnesceot  flux  originating  fToK  S then 
1 sii^BkiW  is  the  flux  striking  the  surface  in  the  cooe  betvaen  9 and  9 -f  d8. 
This  fluz  Bajr  be  looked  upon  as  eeasatli^  ITcb  the  virtaal  source  in  the 
cose  between  / and  / + d/  and  striking  the  screen  In  the  area  suept  out 
between  the  raj  / and  the  raj  / -t  d/  as  they  are  rotated  about  the 
SS*.  Let  this  area  be  di^  and  let  r^  be  the  distance  fTon  the  virtual 
flource  to  the  point  where  the  *raj  9**  strikes  the  screen,  then 
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djrf  . . 

dkJ  « 2 77  (r^  sin  ^ + 6) 

008  ^ 

Call  L f the  luminous  flux,  per  xinit  area,  striking  the  screen 


in  the  cone  between  fi  and  ^ -f  d/$,  then 

b(p,B)  « I sin  e 


2 ^fr  {Tff  sin  ^ + p) 


Rron  n sin  6 * sin  /i 


sin  e d6  ■ 


cos  /f  sin  /i  d/i 


therefore, 


L(/5,B) 


I eos^  ^ sin  ^ 


Ulfr^ 


(5) 


2 _ 


sin^  ^ (r^  Binfi  + p) 


It  is  important  to  notice  that  in  deriving  this  formula  we  have  not 
taken  into  consideraticn  the  fact  that  scsss  of  the  light  is  reflected  at 
the  surface*  To  include  this  we  have  only  to  include  a factor  (l  - R^) 
^ere  is  the  fraction  of  lig^t  reflected  at  angle  The  expressions 
for  R^  are  wsU  knovn(ll,12)* 

We  will  use,  in  our  coc:putations,  the  special  case  of  (5)  obtained 
when  d approaches  zero*  Fhysically  this  coiresponds  to  the  case  of  Ixuni- 
neseenoe  being  formed  Just  beneath  the  crystal  surface*  Allowing  d to 
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go  to  zero  (5)  becrwiea 


L(M 


I cos^/i 


41^1)2  n /n^'  - sln^ 


If  j In  addition^  ve  allow  p to  approach  zero  we  have 


L(0,D) 


I 


2 

and  then  If  we  let  n approach  unity  this  expression  becomes  1/4  IT  D , 
just  as  we  would  expect* 

Likewise,  if  in  L(/,D)  we  put  n equal  to  unity  we  again  get  the 
expected  expression 


I 

4U* 


cos/ 


To  the  intensity  representing  light  going  directly  l^om  the  source 
point  S isust  be  added  the  components  reflected  from  one  or  more  surfaces* 
Of  the  light  originally  heading  toward  the  back  surface  of  the  slab,  a 
fraction  R/  will  bo  reflected  toward  the  IT^ont  surface  vaiore  tlie  fraction 
(1  - R^)R^  will  emerge  to  strike  the  screen*  If  the  slab  has  thickness  t 
this  particular  reflection  cotaponent  can  be  regarded  as  coming  from  a 
source  a distance  2t*^  ITom  the  front  surface.  (See  lower  left  earner 
of  Fig*  4)«  Likewise,  the  nexrt  most  Intense  component  first  strikes  the 
front  surface  then  the  back  svtrface  and  finally  passes  out  of  the  front 
surface  \diich  gives  rise  to  the  reflection  factors  (1  - R^)*  This 
component  can  be  regarded  as  emanating  fTom  a so'ux^ce  a distance  2t  t d 


£roan  the  firont  face. . Ihe  oext  component  baa  reflection  terms  R^(l  - R^) 

and  a point  of  oriein  term  4t  » end  the  next  terms  are  E^(l  - B^)  and 

-1 

4t  * d,  etc*  For  CaVD^  the  reflectlcn  firacticn  is  aj^iroadBately  10 
thorn  teTaS  costalsicg  R^  contribote  leas  than  a tenth  percent*  The  total 
Indneeceot  Istesnitj  at  the  point  on  the  screen  D>D*  is  given  tj 

ji(o^) = -5-  r 

^ J ^ J /»*-  S/f^J  ( ^ I-  ft,  ^ 

(l-  sm^  ^ 

s//t^ 
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It  first  It  Bl^t  ss«B  that  thara  is  cc  dlffersora  betvsen,  e.g.» 
j^3  sad  Ihs  dlffsraaca  is  that  ^aes  these  ccaq^oae&ts  coae  tTKm  dif- 
f«rsnt  ‘sirttiBl  soaroes  ths  rajs  that  storlka  the  point  D,J)'  are  sot  inclined 
to  ths  line  SS*  at  tbs  sane  angle.  Fear  practical  purposes  vs  viU  use 
this  focnola  vlth  d • Q so  that  it  rediicea  to 


'41T 


(7) 


For  cosputatioaal  purposes  one  does  sot  try  to  find  the 
etc»«  that  eorrsspoiads  to  rays  that  strike  the  point  D,D*  but'  conputea 
each  teni  for  arbitrary  Talues  of  these  angles,  cakes  a graph  of  .A.  (D,D*) 
as  a ftnetiesi  of  D*  and  adds  the  sallies  of  the  inteneities  of  each  coe^ 
osi«it  at  the  point  b*. 

ihe  first  three  tens  of  Equation  (7)  and  their  ssn  are  ahovn  in 
Fig.  5 for  peraneters  actually  used  in  the  GaVO^  Deasureoenta* 
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The  luteDsity  I is  pat  equal  to  ooe  «o  that  the  crdimte  is  the 
Qractim  of  esiited  Xunisreacenee  that  strikes  a volt  area,  ca  the  ^oto 
cell,  at  the  polot  D,  iD*. 

doe  can  urite  (7)  for  the  case  %here  6,  or  the  Tarioos  /f's,  is  zero. 
This  is  the  ease  that  inToleea  oely  rays  close  to  the  axis  SS*.  Phyal- 
cclly  It  ia  appUeabls  for  a detector  os  the  Use  SS*  *^csc  llcccr  discs- 
aicss  are  saell  eeepered  to  the  distaxiee  D*  In  this  case  (?)  bccones 


idMTe  is  the  Talus  of  R/  at  / * C.  Ihis  f cmula  is  Terr  tiseful  for 
quick  oceqntatiooa* 

To  suatarise,  we  hare  calcuia  tod  +he  intensity  of  Imrinoseent  li^t, 
•Bitted  fkoB  a limine  acent  center  In  the  interior  of  a slab  of  eeterlal.. 
Ixtcident  cn  a screen  (detecting  device}  in  ^kont  of  asiferallel  to  the 
face  of  the  slab.  Actoally  we  will  use  this  e:qare88icQ  to  calculate  the 
enitted  intensitj  fkca  the  intessit^  (^served  bry  a photocell.  Vb  do  not 
fttlfill  ocB^'letely  the  point  aooroe  coodltlon,  but  in  the  eslibratloa 
procedcre  oaed  aoose,  if  net  all,  of  the  error  prodooed  the  saall  extent 
of  the  soorce  ie  ofnmnsated  fcr. 

The  index  of  relkaetlon  n,  vbieb  appears  in  all  of  these  fcranilas, 
is  a fonetios  of  waselength.  The  effect  of  this  Is  that  the  distribution 
of  Itodneacenoe  outside  of  the  crystal  is  different  fToai  that  inside, 
that  Is,  the  obserred  speetnai  is  sU^tlj  different  xroa  that  ealtted  bj 
the  liselneaceiit  centers.  Once  ve  have  deterslned  the  Icsdnescent  spectrim 


of  these  crystals  ve  cas  eat{jute  the  true  spectna  Area  it. 

17.  ££PQ13ME»7&L  S<?np}£HT  AKD  TECHHI^JOES 

For  each  crystal  of  CaVC^  and  CdVO^  we  will  need  the  following 
Ixcforaation  to  neasure  the  energy  conrrersloo  fro*  thich  we  can  calculate 
the  qcast»  efflcieccy. 

a)  Ifcs  percent  reflectlo®  of  255?  A ultraviolet,  pexticularly  at 
the  angles  we  will  use  for  the  efficiency  aeasareBents. 

b)  The  optioel  abecrptlon  of  the  ■aterlals,  especially  at  2537  A, 
but  also  at  the  wareleogtfas  contained  in  the  ealssioo  spectrum. 

e)  The  indices  of  reAraetiOQ  at  the  wBTeletigtbe  of  tttm  esiasioa 
qpectnn. 

d)  Ihe  spectral  dlstribotion  of  the  aiBsrSem  speettun. 

e)  An  efficiency  measureoaeii^t;  i.e.,  a deterainatioii  of  the  aBonnt 

of  QKltted  vh«c  ■ knows  asoBot  of  energy  is  abeorbed  in  the 

ccyatal. 

f)  If  all  of  the  above  aeasuresents  are  at  one  teuperatare,  a 
neawsreMnt  of  the  t»perature  dependmee  of  the  efficiency  is  not  nee> 
essary.  Eowerver,  ratios  cT  esd.s=ioe  at  rooa  tei^Msratiire,  dry  ice, 
modi  liijuid  air  teaperatures  were  obtained  to  ccapare  with  powder  data  oo 
the  teopsrature  dependence  of  the  efficiency. 


All  of  the  spectra  deterainatlaDS  were  Bade  with  a nedlua  Hilger 
<juerta  spectrooeter.  the  i&ethod  that  was  used  eemloyed  this  spectrenetar 
and  its  associated  optics  to  obtain  a spectrua  of  the  Inalnesoeace  on  a 
phctographlc  plate.  Ther,  without  disturbisg  this  eqolpsent  the  crystal 
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producing  the  luminescence  was  removed  and  an  incadescent  lamp  cf  known 
emission  was  substituted  for  the  crystal.  In  this  way  the  spectrum  ob- 
tained trcnL  the  phosphor  is  ccmipared  to  a knovm  spectrum  and  such  things 
as  the  resolutioi?.  transmission  cf  the  spectrooetex , spectral  response  of 
the  recording  {iiotograpble  plate»  etc*,  are  then  "cancelled  oat*” 

Vltb  the  aid  cf  Fig.  6,  tdiich  Is  largely  self-explanatory,  we  will 
consider  the  details  of  this  arrangeBrat*  All  cf  the  esissloa  spectra 
iiare  obtained  with  the  crystal  excited  by  2537  A.  nltravlclet*  the  light 
sc<irea  vas  a G.  1.  Ihriarc  OT-2  quarts  lov  pressure  fig  disrfiarge  lasp 
operated  fros  an  aatotraztsforcer  suptplied  by  the  aanafacturer.  In  order 
to  redoea  the  asoisit  cf  dtrariolst  that  escaped  into  the  laboratory  the 
lajq>  was  fitted  with  a housing  containing  a sBell  exit  port.  The  entire 
unit  was  than  cooled  with  a sstall  blower,  ^y  adjusting  the  aiaount  of  air 
adaitted  to  the  blover  the  steady  state  operating  tfleperatore  could  be 
dosely  coodcrolled.  After  a one  bear  the  output  of  the  laaq>  was 

constant  to  within  eras  or  two  percent  over  a period  of  two  hours.  If  the 
rocj  tewperature  changed  aarkedly  the  lasp  output  also  changed,  bcok- 
tiwes  to  the  extent  that  a run  had  to  be  discarded. 

The  light  firoa  the  lamp  waa  focused  on  the  entrance  slit  of  a snail 
Hilgsr  single  aonochroBator  with  a quarts  lens  of  approziaataly  the  sazie 
focal  length  as  the  colliaating  Ians  of  the  aocochrcaiator  to  obtain  naxl— 
aua  li^t  output.  The  aooodsrGBator  was  adjusted  for  ^Ttiwaw  transsslss- 
ioa  of  2537  A U^ht  which  was  focused  co  the  eryatal  being  studied  with 
another  watched  quarts  lens.  Originally,  considerable  light  free  the 
wore  presdnent  fig  lines  also  eoanated  fkca  the  exit  slit.  Before  this 
could  be  elinlnated  It  was  necessary  to  line  the  Intsrior  of  all  parts 
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of  this  iastxiiBsnt  uith  black  satts  papor  €Ud3  Install  sareral  ad&ltloDal 
baffles  to  eUnJnate  ^mrlous  li^t  scatterisg.  In  addition*  it  les  zteC' 
essary  to  place  a filter  between  the  la^  and  tbe  entrazHrs  slit  that  ellai-' 
Inated  all  of  tfae  lEDuanted  Uses  bst  the  1650  1 one*  wiich  ^ tilting  the 
cryatal  as  described  below*  was  reduced  to  a degree  that  it  did  not  inter- 
fere wltit  any  of  the  ■eaasn'eaants*  On  all  of  the  esissloo  spectra  this 
Hike*  and  only  ihia  lias*  appeared  faintly  stqierijig>oe«d  on  the  spectr\su 
mth  these  souificatiocs  the  intensity  of  light  greats^  than  3000  A 
striking  the  crystal  being  studied  was  less  than  O.I)(  of  that  contained 
in  the  2557  A Hoe. 

The  eryoetat  which  was  used  to  neintain  the  crystals  being  studied 
at  a fixed  tes^ierature  is  ^own  in  Fig*  8*  Hots  that  the  cryatal  was 
ireliasd  to  the  incident  ultraviolet  at  55^*  and  the  specirtgi  observed 
at  IC^*  to  tbs  namal.  Ibis  arrangeawnt  perevenied  the  3650  A li^t  froia 
being  reflected  directly  Into  the  spectrograph.  This  occurs  in  the 
following  UEiy.  3650  A U^^t  incident  on  ti^e  cryatal  was  refracted  along 
the  norxal  of  the  crystal  and  partially  reflected  fron  its  back  surface 
directly  into  the  apeetroester.  In  spite  of  this  arrangesent*  a very 
anall  aaount  of  3650  A light  vas  still  scattered  into  the  spectrceeter. 

The  czystal  bsiog  studied  vas  themally  oooaected  vlth  the  copper 
block  by  eaebeding  it  in  Vood's  aetal.  In  practice  the  crystal  chexEher 
was  filled  with  aoltan  Wood's  aetal.  The  crystal  vas  then  placed  on  the 
surface  of  the  aetal  and  the  top  plate  of  the  block  laid  on  it.  With 
all  parts  slightly  above  the  nelting  point  of  the  Hood's  netal*  the  top 
plate  vas  sereusd  dove,  the  excess  nstal  speulDg  out  of  the  *galT  sHi 
in  the  jdate.  Uten  the  top  vas  flraly  fastened  and  the  nstal  had  bard- 


28  - 


I 

i 

i 

I 

I 

I 

I 

I 

I 

i 

I 

6 

I 


eoad^  naj  excess  aetal  vas  reatcrred  with  a twseser.  Several  tlses  it 
las  possible  to  take  off  the  lid  of  'Qte  crystal  chaiiiber  without  neltiog 
the  i^od*8  leetal*  la  crsry  case,  the  vetal  coopletely  fUl-^  the  creeks 
betweea  the  cryetel  and  the  capper  block* 

'ihe  tesperaiore  of  the  erystal  being  studied  was  not  detaxHlned 
directly,  Lowsvar,  the  teeperature  of  the  front  surface  of  the  block 
containlog  the  eryatal  was  Beasurad  with  a eqpper^onstaiitaa  thenao- 
coople*  Several  Booths  effcrt  was  expended  in  an  attospt  to  tseasura  the 
teoperature  of  the  e3q)O0ed  OOTfeee  of  the  crystal,  especisliy  for  x&eas- 
ureoeats  at  ll<f!ld  air  and  dry  ice  teBperatures*  fbese  atteopts  were 
unsuccessful  prlBarily  because  no  good  way  could  be  found  to  fasten  a 
therBocouple  to  the  crystal  surface  that  wcmld  provide  sufficient  thersel 
contact  to  really  indicate  ^at  the  crystal  surface  teisperature  was. 

For  exaople,  therBoooiqples,  of  two  nil  wire  wore  soldered  to  2 sza.  by 
2 ne*  copper  foil,  0.2  nil  thick,  and  these  in  turn  were  fastened  direct- 
ly to  a copper  block,  at  liq;Qid  air  tenperature,  with  a very  thin  layer 
of  glyptal*  *ha  teaperature  indicated  by  this  couple  vss  trca  25  to 
50  depending  on  the  thickness  of  the  glyptal  layer,  higher  than  simi- 
lar theraococples  soldered  directly  to  the  suns  block.  Ibamocouplea 
placed  in  holes  in  the  crystals  thesselves  always  read  the  sAsaa  as  those 
on  the  copper  block.  Since  CaVO^  and  CdWO^  are  fairly  dense  crystellins 
subsrtencea  one  e^qtects  that  they  have  good  enou^  themal  conductiTity 
eo  that  the  oryetal  surfaces  are  ooly  slightly  abonre  the  temperature  of 
their  interior*  Ibere  ia  no  direct  experinental  evidence  tn  support 
either  of  these  suppositions*  The  proeeduro  followed  then  BswVing  a run 
was  to  pwB^  the  vacwB  chaKber  of  the  cryostat  down  to  sa*  Hg.  or 


better,  then  fill  the  cooLact  raaobcF  with  dry  ice,  liquid  air,  or  vater 
fat  Tom  t^sparatura  rsaa-reneata,  and  allcv  at  least  3C  ainatcs  fcr  the 
crystal  to  reach  eqollilriuB,  erven  thoo^  the  capper  block  reached  the 
coolant  tespexature  alnost  isaiediately. 

That  the  incident  oltraTiolct  light  could  not  heTe  raised  the  tecj:- 
ereture  of  the  crystal  Bare  than  0.1  ®K  is  shoun  by  the  feet  that  «hea 
J*i5  ssa*  oBount  of  altrarioiet  vas  focizsad  on  the  vaemm  radiation  ther- 


Bocoi^le,  to  be  described  below,  iid.ch  oertainly  had  considerably  less 
beat  capaei'^,  its  teBperature  changed  hy  only  0.1 

Accurate^  tlBed  spectrograph  e:qosarea  were  Bade  at  liquid  air, 
dry  ioe,  and  room  tejqjerature  after  the  thirty  ninute  waiting  period  for 
Mch  ooolaBt.  Except  for  the  difficulty  iRvolvii*  the  »®-faco  tesapera- 
tnre  Bentioned  above,  the  crystals  were  at  78  + 2 ®K  Oien  at  liquid  air 
•aJ  195  ± 3 ihen  at  dry  Ice  tesperature.  Because  it  proved  difficult 
to  k»^  the  dry  ice  acet<nie  alxUtre,  or  poudared  dry  ice  i&lcfa  was  sobo- 
tiaes  used,  well  stirred,  runs  with  this  coolant  suffered  IkoB  larger 
fluotuatiocs  that  ^en  liquid  air  was  used.  Also,  if  the  airture  was 
stirred  too  vlgarously  it  siqwrcaoled.  Pallowii^  these  BaasureBents  the 
cryostat  i»s  reaored  and  a G.  E.  standard  pyroneter  laap  was  substituted 
fer  the  crystal.  This  arrangenant  is  described  ly  Fig.  7.  The  lanp  c<»»- 
•Isted  of  a flat  tuogaten  fllaBent  notched  at  the  point  where,  la  the 
center  of  the  filaBenx,  the  color  teaaperature  was  known.  Both  the  l««p 
and  the  crystal  could  be  veay  accurately  located  at  the  sexse  point  by 
Bsii^  a slaple  trick.  An  incasdescent  laaq>  was  locate  ^here  the  cassette 
far  the  ihotographle  plate  noTBsally  fitted  (at  the  vlsable  end  of  the 
spjectruo).  This  prodt»;ed  an  Isag*  of  the  entrance  slit  of  the 


spectroQi- 
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eter,  as  fczva&d  bgr  tb«  ai^oBa&t,  at  precisely  the  spot  tdiere  they  ehotild 
be  located*  Locating  the  Imge  oa  the  proper  spot  of  the  laap  or  cryo- 
stat was  acecmllflhed  easily  by  seans  "f  adjoetnent  screvs  that  aUovsd 
thes  to  be  screed  fcorlsoataUy  or  eertically* 

Thus  the  spectroeeter,  the  associated  optics,  and  the  photogTHj±Lic 
plate  vere  aot  disturbed  dwlz^  an  «itire  run«  only  two  different  llg^t 
sources  wsrs  used*  In  this  vaj  the  spectra  and  a aeries  of  eoqposures  of 
known  Intenslt;  were  obtained  on  the  sane  pfaotograjiilc  plate,  an  Eastaan 
type  ID*  Thus  the  trawlaaloo  of  the  ^teetronetcr,  of  the  lenses,  azsd 
also  the  qpectral  reqicn^se  and  the  deyelofseat  cooditioos  of  the  }hoto- 
graihie  plates,  etc.,  uere  the  sssc  fsr  all  a:qKi>»£fes* 

the  lamp  Bai»ifectur«r  supplied  its  brightness  te^ierature,  at  tl» 
indicated  pdat  on  the  filanent,  for  a curreot  of  30*00  anperee,  and  the 
trananlssioa  of  the  glass  envelope*  Rroa  this  data  and  the  eadasivi^ 
of  toDgsten,  as  given  ly  Forqrthe  and  idaBs(17),  the  ^wctral  diatrlbu- 
tlon  of  the  ll^t  esitted  the  f ilss^nt  was  calculated.  Th*  ssissios 
of  partially  black  bodies  sudi  as  this  are  treated  in  detail  by 
Forsythe  (is),  the  spectral  dlstribction  cf  the  calibrstlsg  laigp  is  ^own 
In  fig.  9. 

Because  the  lasp  vas  on  the  crd«r  of  10^  tlses  brighter  than  the 
crystal  Mdssion  it  was  necessary  to  inposa  a sector  iheel  betweeii  the 
laip  and  the  speetronater*  The  transaissioD  of  this  wheel  was  about 
3 X Wr^m  this  satall  value  was  obtained  by  placing  two  pelra  of  slits 
on  opposite  edges  of  a disk*  Ihe  separation  of  the  slits  could  be  accura- 
tely adjusted  by  pottizg  a ateel  foil  betvsen  then  and  then  renoving  the 
foil  after  the  slits  wibre  securely  screwed  down.  The  disk  was  rotated 
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at  1750  rpsu 

The  pyrcRseter  laiQ>  lea  (^>Q2ra.ted  firoK  tSie  direct  ciirreiit  ssalos  witt 
a tiatterjr  floetiog  across  it.  Tb«  curreBt  vas  Beasored  with  a tjpa  E 
pctcnt-loiMtcr.  Except  were  largo  sse^s  aTfected  the  sains,  the  cimrent 
could  ba  kept  ulthln  0.01  percent  vi'Ui  caastant  aonltogrlhg.  Since  sost 
of  the  data  was  taken  at  ni^t,  no  surges  long  eivov^  to  caitse  a run  to 
be  discarded  occurred  after  dartiss  operation  vas  sbandcned. 

Idien  calihratlqg  the  {date,  exposures  of  0.Q2,  0.04,  0.03,  • . 

10.24  Bixaztes  were  sada.  Ibia  netbod  wae  edopted  %&ea  prelininary  sseas* 
ureaeots  indicated  that  there  was  no  reciprocitp  failure  in  the  asefal 
blackenii^  range.  Ubfortunately,  then  the  data  had  been  eesplatsd  arid 
the  plates  carefnllp  densltscatered.  It  was  found  that  they  did  not  cco- 
pletelp  obey  the  reciprocity  law,  D «*  J^,t,  ^ere  D is  the  density,  I;,  ths 
iutesoitjr,  and  t the  tisw,  but  did  obey  the  S<diwortx<diild  relatloo(19) , 

D ■>  lot  , where  p ia  siqpposed  to  be  a constant  for  a given  esmilslcai  and 
deralo{)Bant«  Actually,  the  values  obtained  for  p were  very  close  to  unity 
and  constant  so  that  the  feciproclty  failure  was  not  great*  However,  the 
plates  were  analysed  using  the  Scdiwarts^illd  relatloo  by  the  aethod  given 
belov. 

Besides  the  ten  eelibrating  ejqcsures  end  the  nine  Itminesceat  spec» 
tra  a uavelength  scale  was  photographed  each  plate.  Incidentally,  it 
had  been  checked  against  an  iron  exposure  and  found  to  be  extreoely  accu- 
rate. Uien  dezisltoaBeterisg  the  plates,  the  filanent  iaege  was  turned 
parallel  to  the  Barkers  on  the  wavelength  scale  and  the  plate  then  scanned, 
at  a fixed  wavelength,  across  all  of  the  e^qx>sares.  Ail  exssspl«  of  these 
decsitcrater  tracings  is  contained  in  Fig.  U.  Than  for  each  vavelecgth 
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ooa  can  ccjcj>are  the  detiBity  of  the  luolnescent  spectra  to  the  deositj 
obtai-ited  frois  the  ^Uifaretlon  ctonre*  The  process  used  uas  to  plot  log  D 
egainst  log  t for  the  calibrating  exposure  as  veil  es  the  lusdnesceist 
exposures*  Kote  that  the  Schvertschild  relation  can  be  vritten 

log  D » log  I + p log  t 

for  the  spectna^  exposures,  and 

log  Do  * log  lo  + P log  t 

for  'Uie  calibration  exposures*  Then  for  asg-  tiae  t 

I « loD/Do 

kdiich  le  jxjst  th*  rations  of  the  ordinates  of  the  tvo  plotted  Hi»s*  In 
Fig*  12  ve  ehov  the  enrres  obtained  at  4250  A fear  one  of  the  spectra* 

B,  Deacrlptloa  of  Appearatus  Used  for  Efflcleney  Measureaents 

To  Beks  an  effieiescj  seasureaent  one  sust  determine  the  flection  of 
energy  iapsrted  to  a CTjstal  that  ecergea  as  laalneseent  lighb*  To  this 
ezid  one  Bast  be  able  to  Beasure  the  incident  energy,  Wiich  In  practice  is 
focused  on  a snail  area  0.2  m x 2.0  bb,  and  also  the  eadtted  li^t  tdiich 
diverges  accordiig;  to  the  imrerse  square  lav  f^oit  this  point  as  well  as 
being  reduced  approxinately  by  the  factor  1/=^  (»®®  Eq*  8)*  The  ea^gy 
aeallable  for  the  latter  Beasurenent  is  about  lOT*^  that  of  the  femer* 

(kte  does  not  nsed  to  knov  these  energies  absolutely;  it  is  sufficient  to 
knov  only  their  ratios*  For  this  reason  and  to  put  nil  meesureisents  on 
a cesmon  basis,  the  incident  energy  is  neasured  with  e black  radiation 
thenaococple  and  the  fhotocell  used  to  detect  the  Itasinescence  was  call— 


lirated  In  terms  of  tbs  sasa  tbsTStocouple. 

Ills  I^ototube  used  for  all  zaeasureacents  vas  a E.C.A*  type  935  blue 
sensitive  tube.  The  associated  circuit,  shove  in  Fig.  13,  is  based  on 
a circuit  given  ^7  Vlctcreen(20),  In  iaficrtant  aspect  of  tciis  circuit 
is  tl  • 83rrang«Knt  vherel7  the  input  resistances  Ri,  B2,  R3,  R4,  can  be 
quickly  ^lai^ed.  In  order  to  determine  if  the  sensitivity,  l.e.,  if  the 
galvaxKueter  deflection,  vas  directly  prcportiooaal  to  the  is^t  resis-> 
tance,  the  followiqg  test  vas  done  vitii  resistances  of  5 x 10^,  10^, 

5 X 13^,  and  10^  obns.  A difi|«irA  vith  ivo  epenings  vaa  placed  In 
of  the  phototube  and  the  Intensity  of  an  incandescent  lao^,  sons  distance 
ffon  the  diapfaram,  adjnated  so  'tttat  near  foil  scale  dsflaction  mbs  obtain- 
ed vith  ofM  of  the  holes  open  and  the  other  dosed.  Readings  vera  then 
taken  vith  eadi  hole  <^>en  separately  and  than  vith  both  open  but  using 
a saalltr  input  resistor.  In  this  vsy  the  llsesrl^  of  the  circuit  ualz^ 
these  input  resistaaoes  vas  established.  Vien  usibg  the  pliotooell  for 
■eesureranta  the  Input  resistances  vere  chosen  so  that  nearly  full-scale 
deflections  were  always  obtained.  Che  psreant  vire  vousd  cr  glass  eocl- 
Cw«u  Victoreen  realstcrs  vere  used.  This  introduces  an  errer  of  approod.- 
■ately  two  percent  in  all  of  the  neasareBasts  with  the  photocell  that 
isvciTss  ch&Mgirig  the  ixyxit  resisttx's. 

In  prectico,  the  3&«ro  drift  Is  the  next  most  important  factor  'tiiat 
limits  the  accuracy  of  ttds  circuit.  Because  of  this,  neasureaents  vere 
ilvays  taken  In  the  follovlssg  vay.  9>e  sero  vas  first  adjusted,  tha 
ll^t  to  be  seasored  adoltted  to  the  tube  by  «7enii^  a shutter,  the  de- 
flectloQ  noted,  the  shutter  closed,  the  sero  reading  not^  and  than,  if 


it  vaa  xsocessarj.  the  deflectioQ  *^s  corrected  for  a shift  In  the  zero 
readix^. 

Tire  xtediation  theraocoaple  uss  constructed  by  H.  Cartwright  and  la 
siail«r  to  the  one  described  in  Chapter  VIII  of  Stroog{21).  This  parti- 
cular theruKKUKiple  ccstained  two  single  junction  coi^lea  coxmected  to 
provide  coBq;>ensatlon  f ca:  diai^es  in  the  enhlant  teoperatore->  Its  vacuum 
^•s^ber  was  csnssctod  to  a large  charcoal  trap  idilcii  was  heated  to  iJSlPCg 
to  activate  the  charcoal,  vheneresr  the  chaBber  vas  evacuated.  After  the 
initial  evacuatioo,  «iiich  required  2 hours,  a pressure  c5  5 x 10~^  nm  vas 
reached.  Althoo^  the  th^naocoxQjle  ptssped  doun  to  this  pressure 
aeveral  tines  there  was  no  indication  that  ihile  neasuresents  were  in 
progress  the  pressure  had  ever  zdsen  tc  a point  'khere  the  thersocccple 
sensitivity  was  affected. 

Hie  thentoeouple  vss  used  with  a Liston-Fold  chopper  anplifler  that 
drove  a seCfHsdary  standard  type  large  scale  BlUiaaBster.  The  gain  of 
this  aepllfler  changed  ftross  day  to  day  according  to  the  vagaries  of  the 
mechanical  chopper.  Thus,  In  order  tc  use  this  aapUfier  very  frequent 
ealibratlcQ  was  requit  ed.  This  was  done  using  the  "built  in*  test 
signal.  The  absolute  value  of  the  test  signal  las  not  used,  only  its 
constancy  durisg  a glvsn  run  axid  this  vas  often  checked  by  Beasuring  the 
voltage  of  ■Uie  test  signal  battery  ihlch  varied  loss  than  one^balf  percent 
during  ell  runs. 

In  order  to  calibrate  the  pnotocell  in  terns  of  the  radiatiem  themo-* 
couple  the  optical  syst«a  diaersisisd  in  Fig.  14  was  built.  Tbe  light,  of 
any  of  the  prcminent  lines^  emitted  by  the  EonochroDator  was  nada  para- 

llel hj  an  achrcoetlc  lens,  dy  saeens  of  the  two  position  pirrcr  this 
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light  was  directed  either  toward  the  photocell  or  the  thermocouple.  A 
diaphram  exactly  the  same  size  as  the  cpeniog  to  the  photocell  was  arran- 
ged, as  is  shown  in  the  diagram,  so  that  equal  amcvmts  (the  same  solid 
angles  are  subtended)  of  light  strike  the  photocell  and  the  thermocouple. 
To  calibrate  the  photocell  the  output  of  ths  monochromator  was  adjusted 
to  the  desired  thermocouple  reading,  then  the  Tnirrcr  was  rctateu  so  that 
the  light  struck  the  photocell  and  its  response  noted.  This  procedure 
was  repeated  msnerous  times  for  each  of  the  Hg  lines.  The  spectral  res- 
p>on8e  curve  for  the  i^otocell  so  obtained  is  shown  in  Fig.  15.  The 
ordinate  is  given  as  mm/iiv  but  this  is  only  for  convenience  as  the  micro- 
volt scale  id  relative,  not  absolute. 

By  adjusting  the  height  and  width  of  the  exit  slit  of  the  monochro- 
mator the  image  formed  by  the  paired  achromats  was  very  nearly  the  size 
of  the  ’•spot*  of  luminescence  on  the  crystals  studied.  To  a lar  ge  extent 
this  compensates  for  making  calculations  using  the  approximations  that 
the  Itnnlnsscence  originated  f^om  a point  source.  This  is  particularly  so 
since  the  solid  angle  subtended  by  the  j^^otocell  when  being  calibrated 
was  the  same  as  %^en  it  was  used  for  efficiency  measurements. 

Figure  16  is  a schematic  drawing  of  the  way  the  apparatus  was  used 
for  the  efficiency  measurements.  Since  only  2537  A ultraviolet  is  needed 
the  monochromator  and  light  source  were  applied  in  the  same  \«y  they  had 
been  for  the  spectrum  measuremeni.s.  The  two  position  mirror  was  again 
used  to  focus  light  alternately  from  the  thermocouple  to  the  crystal  being 
studied.  Inasmuch  as  2537  A light  is  not  visible  and  since  the  optics 
were  quartz  and  not  achromatic  it  proved  to  be  difficult  to  focus  the 
2537  line  on  the  thermocouple.  This  was  not  satlsfactorally  accomplished 
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\mtll  the  thermocouple  and  a luminescent  uranium  glass  plate  located  in 
the  same  plane  as  the  thermocouple  collector  were  mounted  on  a micro- 
scope stage.  Then  the  ultraviolet  was  focused  on  the  glass  and  the  stage 
moved  laterally  until  the  thermocouple  reading  indicated  that  the  image 
was  entirely  on  the  collector.  Incidentally^  the  image  is  much  smaller 
than  the  collector.  The  stage  controls  are  so  sensitive  that  the  image 
could  be  properly  located  with  only  reasonable  care. 

Focusing  the  beam  on  the  crystals  was  easy  because  they  were,  of 
course,  luminescent.  The  accurate  location  of  the  ihotocell  with  res- 
pect to  the  crystal,  car  the  image  on  the  {hotocell  side  of  the  calibra- 
tion setup,  could  be  easily  done  with  a simple  Jig.  The  crystal  was 
mounted  on  e.  stand  that  held  a oliue  containing  openings  of  different 
sizes.  Thesij  openings  symmetrically  siirrounded  the  imng*.  lv»nines- 
cent  spot,  and  expose  a series  of  different  areas  of  the  crystal.  How- 
ever, none  were  so  small  as  to  interfere  with  the  primary  “spot"  of 
luminescence.  Uhen  the  Ivimineseence  was  measured  using  the  largest  and 
smallest  openings,  and  with  the  incident  ultraviolet  held  constant, 
there  was  only  1 or  2^,  depending  on  the  crystal  used,  difference  between 
the  readings.  This  diows  that  very  little  of  the  entrapped  light  esca- 
pes, or  at  least  contributes  enough  to  the  components  ,we  wish  to  measure, 
to  introduce  an  error  larger  than  this  amoinat. 

Once  the  components  were  properly  adjusted,  the  efficiency  measure- 
ments consisted  simply  of  alternating  the  2537  A between  the  thermocouple 
^ich  measinred  the  incident  energy  and  the  crystal  being  studied.  Photo- 
cell readings  were  taken  for  different  intensities  of  ultraviolet  and  in 
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this  vay  the  linear  dependence  of  the  luiainescence  on  the  incident 
energy  was  established. 

C«  The  Reflection  and  TranssJ-asitm  £<;;uimenb 

The  reflectioc  fteesoreBents  vere  aede  by  standard  isethods,  howev^, 
Fig>  17  Is  incladed  for  ccs^tleteness.  Ode  point  that  should  be  isec- 
tioned  Is  that  there  vas  as  -uacertainty  of  betueen  one-bkalf  and  one 
degree  In  the  angle  cf  Inddesse  doe  tc  Inch  of  reproducibility  in  nount- 
Isg  'fee  CdWO^  crystals  because  of  sli^t  unerenness  arcsnd  their  edges. 
Another  difficulty  vith  CdWO^  will  be  considered  ^an  va  discuss  the 
results  cf  the  reflectlo::  scasureiwats. 

1 Bechsou  ssdel  SS  quEirts  optic  spectrophotoDeter  was  used  for  the 
transalssioQ  Beasureaents.  In  all  cases  the  transaissicQ  was  XMMisured 
relatlTS  to  the  air  path  in  an  equivalent  beam,  llien  atterqctlng  to 
iMUwe  the  iranssasaiiom  at  wavelengths  idiere  the  li^t  could  excite 
luBinescence,  the  {hotocall  detected  this  li^t«  In  order  to  correct 
for  this  a filter  that  was  cospletely  opaque  to  the  ultraviolet  was  inters 
posed  between  the  crystal  and  the  detector.  Then  at  any  given  wave- 
laqgth,  in  the  reglm  ^ere  the  filter  la  opaque^  the  actual  transndss- 
loo  is  sero  and  the  detector  response  is  entirely  due  to  liadneseent 
li^t*  The  reading  with  the  filter,  corrected  for  the  fact  that  the 
filter  is  not  100$  transparent,  can  then  be  subtracts  fromi  the  rending 
obtained  with  the  detector  rcspsfadisg  tc  both  trensaitted  and  lunines- 
oent  li^t. 
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V,  MEASUREMENTS  ON  CaW04  AND  CdW04 

In  ally  the  efficiency  meesurements  described  here  apply  tc  two 
crystals  of  and  two  of  CdW04.  All  fova:  were  obtained  ftom  the 

Linde  Air  Products  Laboratory  at  Tona\Anday  N.  Y.  The  CeW04  crystals 
\/ere  both  1*0  nmuthlcky  crystal  #1  was  6 smu  l:^  10  H3&  and  crystal  §2, 

6 mm. by  8 mm.  Both  bad  their  **0"  axis  parallel  to  their  long  dimen- 
sion. Unfortunately y the  crystals  were  differently  oriented  with  respect 
to  the  “a*  axis.  CaW04  is  slif^tly  biTefrlngent(22)  (n  « 1.9105  and 
n » 1.9260  at  6907  a)  so  that  one  can  regard  the  material  as  isotropic 
and  use  the  average  Index  of  refraction.  Had  the  accuracy  of  tha  meas- 
urements warranted  it  the  crystals  could  have  been  oriented  by  X-ray 
methods  and  accurate  indices  used  for  calculation*  One  can  see  ITom 
Eq.  (8)  that  the  error  in  the  energy  conversion,  due  to  uncertainty  in 
the  index  of  refraction,  is  approximately  the  sqxiare  of  the  error  in 
the  index  of  refraction.  Except  for  the  possibility  that  the  index 
varies  fTom  piece  to  piece,  the  uncertainties  in  the  values  given  by 
Haranda(22)  for  CaU04,  vhlch  were  used  throughout,  are  negligible  com- 
pared to  the  other  errors  in  the  efficiency  measurements. 

The  two  crystals  of  CdU04,  were  cleaved  with  their  surfaces  perpendi- 
cular to  the  ”c**  axis  but  not  otherwise  oriented.  The  edges  of  crystal 
#2  were  ground  perpendicular  to  the  largest  surface  and  slightly  polish- 
ed. Because  of  the  tendency  of  this  material  to  cleave,  the  edges 
frayed  slightly  and  no  further  polishing  was  attempted.  This  crystal 
was  6 mm.  by  10  mm.  ar.d  0.75  mm.  thick.  It  was  transparent  though 
colored  pale  yellow.  The  coloring  was  slightly  uneven.  Because  of 
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the  difficulties  encountered  vdth  CdWO^  crystal  #2, shaping  the  other- 
one  vas  not  attempted*  It  vas  0.90  um.  thick  and  approximately  15  mm. 
by  10  mm.  and  had  rough  edges  that  were  somevhat  discolored.  This  dis- 
coloring extended  Into  one  end  of  the  crystal  in  bar^Js  of  approximately 
2 mm.  vide*  The  unevenness  of  coloring  in  both  crystals  can  probably 
be  attributed  to  the  presence  of  an  impurity  or  an  excess  of  one  of  the 
constituents^  perhaps  Cd.  Unfortunately,  accurate  iz>dlces  of  refract- 
ion for  CdU04  are  not  available.  Glllettci(l3)  gives  2.4,  a value  vhich 
seems  to  be  too  high.  Ve  will  describe  below  the  attempts  to  determine 
tlie  index  of  refiraotion  for  CdVP4  from  transmission  measurements. 

A*  The  Reflection  Measurements  at  2537  A 

1. )  CaW04.  The  reflection  of  2537  A light  from  both  CaU04  crystals 
is  indicated  ^ Fig.  18.  The  fact  that  #1  reflected  two  percent  ninre 
than  #2,  ^Icit  is  20^  reflectionwise,  can  perhaps  be  explained  in  the 
same  way  tliat  the  differences  discussed  below  for  CdW04  can  be  explain- 
ed. However,  the  measurements  were  always  reproducable  for  each  of  the 
crystals  and  for  different  regions  on  the  same  crystal.  The  measured 
reflections  were  used  and  thus  this  difference  does  not  Introduce  an 
additional  error  in  the  efficiency  measurements. 

2, )  CdnC4*  Initially  it  proved  to  be  difficult  to  obtain  repro- 
dueable  reflection  data  for  the  CdU04  crystals.  The  error  in  the  reflec- 
tion measvirements  is  about  0.5$*  Originally,  the  spread  in  the  reflec- 
tion data  vas  greater  than  2%,  In  Fig.  19  a large  number  of  reflection 
measxurements  are  plotted  indicating  the  spread  found.  Now  the  beam  of 
ultraviolet  used  for  these  measurements  is  very  nearly  the  size  of  the 
luminescent  "spot”  for  >mich  the  efficiency  measuremantB  apply.  The 
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circled  points « connected  ty  the  dotted  lines.  Indicate  why  the  repro- 
ducibility Is  poor*  The  points  et  10°,  20°,  and  30°  were  made  at  one 
spot  on  the  crystal  and  the  other  circled  points  at  an  adjacent  spot  with 
all  other  parameters  held  constant*  This  Indicates  that  the  reflection 
of  this  material  is  not  uniform  over  the  surface  of  the  crystal.  The 
theory  of  reflections  from  insulators  predicts  that  the  reflection  co- 
efficient should  be  higher  in  regions  containing  impurities  than  in 
pure  regions*  To  minimise  this  difficulty,  the  reflection  measurements 
actually  used  were  made  at  the  same  spot  on  the  crystal  that  was  used 
for  the  efficiency  measurements*  They  are  plotted  in  Fig*  20* 

mt-  - - ..X  - 

inn  4.A,  ciafcuaxg.3ij.uu  ricuaux  cmcjiva 

!•)  CaW04*  The  transmission  of  both  crystals  for  ua- relengths  of 
2200  A to  7000  A is  shown  in  Fig*  21*  This  shows  clearly  that  there  is 
no  serious  absorption  in  the  region  of  the  emission  spectrum*  The  region 
of  the  cutoff  is  expanded  in  Fig*  22  \dilch  shows  that  crystal  #2  is 
slightly  more  absorbing  than  This  is  in  agreement  with  the  obser- 
vation that  this  crystal  is  more  reflecting  than  the  other*  Figure  23 
demonstrates  that  for  crystal  all  of  the  photocell  response  for  wave- 
lengths below  2700  A is  due  to  the  luminescence  excited  by  the  light  in 
the  beam  of  the  spectrophotometer*  The  method  used  to  demonstrate  this 
was  discussed  in  the  section  on  experimental  methods*  Siodlar  data  for 
crystal  jfl.  Fig*  24,  is  not  so  clear  but  the  same  interpretation  can 
b*  !oade*  The  errors  at  such  small  transmissions  are  large  enough  so 
that  all  of  the  observed  response  can  still  be  attributed  to  Ixunlnes- 
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Tlie  ircisca-fcaients  indicate  that  If  thin  enough  samples  were  avail- 
able there  might  be  some  transmission  at  2537  A.  In  ns  much  as  the 
absorption  of  253?  A could  not  be  deterDilned  one  co\ild  not  determine 
the  distribution  of  luminescence  along  the  path  of  the  exciting  ultra- 
violet* Since  one  would  like  to  make  the  assumption  that  all  of  the 
observed  luminescence  originate!  directly  below  the  surface  of  the 
crystal  the  following  experiment  was  performed.  A beam  of  2537  A 
ultraviolet  was  focused  on  a very  small  area  at  the  upper  edge  of  all 
of  the  crystals.  The  luminescent  spot  was  observed  with  a 20  po\;er 
glass.  The  penetration  of  the  tiltraviolst  into  the  crystal  greater 
than  0«1  mm«  should  be  easily  observed  with  this  arrangement.  The  obser- 
vations indicate  that  the  penetration  must  be  less  than  this  amount 
and  thus  the  assumption  that  the  luminescence  originates  very  close  to 
the  surface  of  the  crystal  is  justified.  The  same  test  was  made  with 
the  CdW04  samples. 

2«)  CdW04.  - Transmission  data  for  five  different  CdV/04  crystals 
are  plotted  in  Fig.  25.  These  crystals  are  owapletely  opaque  below 
3100  A.  n:om  3150  A to  4500  A they  show  a thickness  dependent  absorp- 
tion that  is  probably  due  to  an  impurity  since  even  the  thickest  sample 
used  was  not  completely  opaque  in  this  region.  Since  the  emission  speo- 
trum  extends  from  4OOO  A to  6000  A,  the  observed  spectrum  is  undoubtedly 
affected  to  some  extent  by  this  absorption.  However,  since  better  than 
90^  of  the  light  observed  in  a speotriaa  determination  penetrates  only 
a very  small  thirkness  of  the  crystal,  this  must  be  a small  effect. 
Crystal  #4  was  considerably  less  transparent  than  the  rest  and  had  a 
distinct  cloudy  appearance.  No  attempt  was  made  to  make  any  of  the 
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other  measurements  with  crystals  of  this  type. 

Again,  the  apparent  transmission  in  the  region  of  2537  A was  shown 
to  be  due  to  the  photoceLl  detecting  luminescence  produced  by  the  spec- 
trophotometer light  beam.  Details  of  the  measurements  f^om  2000  to 
3500  A are  shown  in  Fig.  26>  and  for  the  re(?ion  3000  to  6000  A in 
Fig.  27. 

It  is  well  known  that  the  tremsmiasion  of  a medium  can  be  accurately 
calculated  frc«n  the  indices  of  refraotion  for  light  of  wavelength  that 
la  much  longer  than  the  absorption  edge.  The  measixred  transmission  for 
is  in  good  agreement  with  that  calculated  from  the  refractive 
indices.  Because  the  absorption  edge  of  CdU04is  so  close  to  the  wave- 
lengths contained  in  the  emission  spectrum  it  is  questionable  whether 
the  transmission  data  can  be  used  to  obtain  the  indices  of  refraction 
of  this  material.  Unfortxinately,  • mere  accurate  value  than  the  2*4 
given  by  Glllette(l3}  oould  not  be  found  in  the  literature  and  it  was 
neoessary  to  resort  to  oomputing  the  index  rf  refraction  from  transmis- 
sion measurements.  The  uncertainties  in  this  procedure  is  aggravated 
by  the  fact  that  one  suspects  this  material  is  strongly  birefrlngent. 

The  procedure  followed  was  to  compute  the  index  of  refraction,  n,  for 
wavelengths  in  the  entire  transmission  region,  from  the  measured  trans- 
mission assuming  no  absorption.  Cfbvlously,  see  Fig.  25,  this  assumption 
is  incorrect  .here  absorption  is  present,  e.g.,  at  3700  A. 

Vhsn  the  calciolated  n’a  were  plotted  against  ^ one  could  not 
determine  by  Inspection  the  region  >Aiere  absorption  was  present.  A 
more  elaborate  procedure  was  then  tried  vhich  yielded  seemingly  good 
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values  of  n.  Data  from  two  widely  separated  ^ *s,  e.g»  5000  A and 
7000  A,  ware  used  to  compute  the  values  of  A and  ^ g in  Sellmeier's 
Equation 

n2  - 1 + ^ 

2 
B 

Different  pairs  of  /)  ’s  wore  tried  until  it  was  fo\and  that  for 
all  /)  *8  above  5500  A the  same  A and  Pi  ^ applied*  These  values, 

A ■ 4*00  and  Pt  q <^044  A,  were  then  used  to  compute  the  indices 
needed  for  the  calculation  of  the  energy  conversion.  The  energy  con- 
versions so  obtained,  discussed  in  detail  below,  are  improbably  high- 
indicating  that  the  indices  yielded  by  this  procedure  are  too  large. 

This  suggests  that  there  is  sufficient  absorption  throughout  the  entire 
region  of  the  transmission  msasurements  to  invalidate  this  procedure* 
Because  t.c  better  values  are  available  there  was  no  choice  but  to  use 
those  admittedly  unreliable  indices  in  calculating  the  luminescent  data. 
C*  Luminescent  Spectrum  Measurements 

The  spectrum  measurements  on  the  two  CaW04  crystals  are  shewn  in 
Figs.  28,  29,  30,  and  the  CdW04  measurements  in  Figs.  31,  32,  and  33. 

Some  points  which  deviate  markedly  from  the  cluster  of  points  can  in  all 
but  a few  cases  be  directly  attributed  to  imperfections  in  the  film. 

Even  so  the  spread  of  the  points  is  greater  than  the  preliminary  measure- 
ments, at  room  temperature,  indicated  that  they  shovild  be*  The  most 
probable  explanation  for  this  is  that  these  plates  were  develop>ed  under 
conditions  vdiere  temperature  control  was  extremely  difficult.  The  aver- 
ages of  data  from  each  crystal  and  each  type  of  crystal  are  less  than 
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the  experimental  error  and  thus  the  differences  between  different  cryst- 
als are  not  significant*  For  comparison  the  spectrum  measurements  of 
&oger(4b)  are  also  shown  with  the  liquid  air  measurements,  2S.  Note 
that  his  spectra  x.ere  obtained  with  powders  and  not  single  crystals* 

It  is  apparent  from  the  dependence  of  the  index  n and  reflootion 
ratio  R on  wavelength  that  the  observed  spectra  will  be  slightly  differ- 
ent that  actusJLly  emitted  by  the  luminescent  centers  in  the  inter- 
ior of  the  crystals*  The  observed  spectra  ftrom  CaVO^  and  the  spectra 
ocrrected  to  the  interior  are  shown  in  Fig*  34*  Beth  speotra  ere 
matched  at  the  peak  of  the  observed  epectra.  Cbviouely,  the  difference 
is  slight  80  that  we  have  used  the  observed  spectra  in  computing  the 
energy  ccOTerslon  at  room  temperature.  In  addition,  the  oesaparison  of 
the  temperature  dependence  of  powders,  also  from  Kroger(4o),  with  that 
idiieh  WM  obtained  ia  given  in  Figs.  35  and  36.  The  efficiency  at  - 180°C 
is  taken  as  100$  for  both  crystals. 

One  may  ask  whether  the  spectra  are  the  same  at  the  different  temp- 
eraturea*  For  CdWO^  the  differences  are  lees  than  the  experimental  error* 
Also,  there  is  no  clear  difference  between  the  CaW04  spwetra  observed  at 
770y  and  195°^*  T be  room  temperature  result  is  slightly  different  from 
these  other  two  as  ie  indicated  in  Fig*  30  \diere  both  the  300°K  and 
195°K  speotra  srs  shown,  after  their  scale  was  adjusted  to  match  the 
77°K  curve*  In  all  computations  the  spectral  distributions  we  obtained 
were  used* 

D.  The  Efficiency  Megsurements 

1*)  CaWO^.  - To  within  experimental  error  the  luminesceot  light 
emitted  by  both  crystals  is  a linear  function  of  the  exciting  ultraviolet. 


- 45  - 


Fig.  37*  Also,  thare  Is  a marked  difference  between  crystals*  R:ob 
the  ratio  of  photocell  deflection  to  thermocouple  deflection  the  energy 
convei.'8lon  and  the  qvtantum  efficiency  given  In  Table  I vere  computed* 
Both  vere  determined  at  room  temperature*  The  error  Involved  In  a com> 

Table  I 

Energy  Conversion  and  Qunr-tua  Efficiency  of  CaWO^ 

SmM  Energy  Conversion  Quantum  Efficiency 

C0WO4  #1  .455  *747 

CaW04  #2  *505  *82q 


parison  of  the  efficiencies  is  smaller  than  the  observed  difference* 

This  difference  is  supported  q\ialitatlvely  by  the  obsenratlon  ii»de 
during  the  spectrum  determinations  that  one  crystal  always  produced  a 
darker  spectra  on  the  ihotographic  plate  than  the  other  crystal  for 

t 

equal  eiqposures* 

Since  it  is  difficult  to  ascribe  these  large  differences  to  purely 
experimental  errors  it  is  conceivable  ^at  the  thermal  history  of  the 
two  crystals  is  different  enough  so  that  an  effect  similar  to  one  found 
by  I^oger(24)  for  re-crystallized  powders  is  also  operating  here.  Also, 
the  degree  of  polarisation  in  the  exciting  radiations,  if  any,  was  not 
determined*  Therefore  if  there  is  a connection  between  the  degree  of 
excitation  and  the  direction  of  polarization,  as  yet  iinknown,  the  fact 
that  the  two  samples  were  oriented  differently  would  produce  such  a 
difference*  This  la  just  one  of  a number  of  questions  suggested  by 
this  investigation* 
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One  may  compare  the  qtiantum  efficiencies  obtained  here  with  the 
0,71  given  by  Kroger  (4d)  for  powiered  CaWO^.  Prestimably  his  measure- 
ments vere  made  ir/ith  the  equipment  described  by  Botden  and  Kroger(l5)y 
though  an  explicit  statement  of  this  was  not  found  In  these  p>apers« 

There  Is  no  mention  of  a correction  being  made  for  the  permanent  entrap- 
ment of  some  of  the  emitted  luminescence,  a subject  previously  consid- 
ered la  detail*  This  correction  would  Increase  the  qxiantum  efficiency 
given  by  Kcog«r  by  at  least  10$*  Thus  the  efficiencies  attributed  to 
powders  and  our  two  single  crystals  are  in  substantial  agreement* 

The  error  that  should  be  attached  to  the  efficiency  measurements 
is  uncertain  since  two  possible  cources  of  error  were  not  evaluated 
e3q>lloltly*  Namely,  the  validity  of  the  assumption  that  the  lumines- 
cent "spot*  in  the  crystal  can  be  treated  as  a point,  and  secondly.  It 
was  assumed  that  the  spatial  distribution  of  the  light  Intensity  in  the 
cone  of  light  used  to  calibrate  the  photocell  was  approximately  that  of 
the  luminescence*  This  second  possibility  could  Introduce  a large  error 
only  If  the  sensitivity  of  the  photocell  cathode  was  not  uniform  over 
Its  surface*  Notwithstanding,  the  error  In  the  CaWO^  efficiency  Is 
probably  not  greater  than  5$*  With  more  elaborate  equipment,  and  some- 
what larger  crystals,  more  precise  measixrements  could  easily  be  made* 

2*)  CdUO^*  - Like  the  CaV04  the  energy  conversion  of  the  two  cryst- 
als of  Cdvp^  differed  more  than  the  experimental  error  as  shown  In 
Fig*  37*  It  was  expected  that  these  crystals  would  be  less  alike  since, 
as  we  described  above,  they  differed  in  appearance*  The  quant'jm  effic- 
iencies and  energy  conversion  given  in  Table  II,  vere  calculated  from 
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the  measurements  using  the  index  of  refraction  obtained  from  the  trans- 
mission measin'ementSi 


Table  II 

Energy  Conversion  and  Quantum  Efficiency  of  CdVO^ 


Snaifei 

Enerev  Conversion 

Quantum  Efficiency 

CdW04  #1 

.547 

1*0^ 

CdW04  #2 

*65i 

1.22 

The  fact  that  the  quantum  efficiency  is  close  to  unity  for  both  crystals 
raises  a question  a*  to  the  accuracy  of  the  CdVU^  measurements*  At 
lover  temperatures  the  qxuir.tum  efficiencies  are  even  higher,  as  indicated 
by  Fig*  36*  It  is  apparent  that  it  is  energetically  possible  for  the 
efxiuienoy  to  be  greater  than  unity  but  if  only  one  luminescent  center 
is  involved  in  the  process  it  is  difficult  to  conceive  of  how  the  single 
center  may  emit  two  quanta*  However,  if,  in  this  material,  thars  is 
energy  trcuispart  fTom  one  center  to  another,  see  e*g*  Botgen(23),  then 
a quantum  efficiency  greater  than  unity  is  feasible* 

A more  lik«.ly  explanation  is  that  the  index  of  refraction  we  have 
used  is  too  large*  This  would  result  from  impurity  absorption  in  our 
material  increasing  the  measured  absorption  >iiioh  in  turn  would  make 
the  refractive  index,  calculated  from  the  abearpticn,  too  large*  Tbs 
high  effioisnoy  could  also  result  from  this  material  being  birefringeat, 
^ioh  again,  would  mean  that  we  have  used  an  incorrect  refTaotivs  index* 
S.  .Future  Work  on  CaWO/ 


The  room  temperature  results  for  GaWO^  ere  probably  rsliebls*  How^ 
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ever,  the  CdWO^  results  and  the  low  temperature  measurements  are  subject 
to  question  since  several  properties,  \diioh  we  will  enumerate  below,  of 
these  cr78tals  are  not  knovm* 

!•)  - The  refractive  index  and  treussmission  of  both  materials  should 
be  investigated  with  emphasis  on  crystal  to  crystal  variations  and  possi- 
ble temper atxire  dependence « 

2#)  = The  reflection  arid  absorption  of  2537  A light  should  be  de- 
termined as  a function  of  temperature.  The  lack  of  egroement  of  our 
measurements  and  the  powder  data  shown  in  Figs*  35  and  }6  can  be  explain- 
ed if  one  or  both  of  these  quantities  is  temperature  dependent.. 

3«)  - The  possibility  that  the  energy  converolon  may  in  some  way 
depend  on  polarization  of  the  exciting  ultraviolet  and/car  the  direction 
of  polarization  wit^i  respect  to  the  orientation  of  the  crystal  has  not, 
to  our  knowledge,  been  investigated* 

4*)  One  should  look  for  the  effect  of  long  high  temperature 
thermal  annealing  >diich  presvimably  would  efi'ect  the  perfectness  of  the 
lattice* 

5«)  - For  both  of  these  materials  it  was  ascertained  that  only  a 
negligible  amount  of  light  that  normally  would  have  been  perwanently 
entrapped  in  the  crystal  was  scattered  in  the  detector  from  parts  of 
the  crystals  further  than  1/2  mm*  from  the  luminescent  "spot."  The 
possibility  still  exists  that  an  appreciable  amovuat  of  scattering  of 
this  entrapped  light  occurred  closer  to  the  "spot." 
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TYPICAL  EMISSION  SPECTRUM  AND 
TEMPERATURE  DEPENDENCE  OF  A 
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SCHEMATIC  DIAGRAM  OF 
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CROSS  SECTION  OF  THE  CRYOSTAT 
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SCHEMATIC  ARRANGEMENT  OF  APPARATUS  FOR 
EFFICIENCY  MEASUREMENTS 
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APPARATUS  FOR  REFLECTION  MEASUREMENTS 
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REFLECTION  OF  2537A®  ULTRA-VIOLET 
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FIG.  27 

DETAIL  OF  THE  CdWCU  TRANSMISSION 
FROM  3000  TO  4500  /f 
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FIG.  30 

LUMINESCENT  SPECTRA  OF  GaW04AND  LIQUID  AIR  DATA 
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FIG.  34 

CaWq,  ROOM  TEMPERATURE  SPECTRA  AS  OBSERVED 
AND  CORRECTED  TO  THE  CRYSTAL  INTERIOR- 
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FIG.  37 

ENERGY  CONVERSION  DATA  SHOWING  DEPENDENCE  OF 
LUMINESCENT  EMISSION  ON  INTENSITY  OF  EXCITING 
2537A  ULTRA-VIOLET 
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